We performed spectral analysis by using the maximum entropy method instead of the traditional Fourier transform technique to investigate the short-time behavior in molecular systems, such as the energy transfer between vibrational modes and chemical reactions.
Introduction
Dynamical processes within the order of femtoseconds (fs) in molecular systems are of interest to researchers in the field of chemical physics and physical chemistry because bond breaking and vibrational energy redistribution in a molecule are observed on this time scale [1] . In order to understand these phenomena better, fs or sub-fs laser spectroscopy [2] and X-ray photoelectron spectroscopy [3, 4] , which reflect the decay process following the core-excitation as atomic motion within a core-hole lifetime of several fs, have been developed.
Theoretically, molecular dynamics (MD) simulations have been useful and widely applied to simulate the dynamics of a polyatomic system. Recently, it has become common to calculate the potential energies and forces step-by-step using ab initio molecular orbital (MO) calculations and to examine the dynamical process of a chemical reaction; this process is called the "ab initio MD" or the "direct ab initio" method. In order to characterize the dynamical features of MD simulations, a power spectral analysis by Fourier transformation (FT) of either the coordinates or the auto-correlation functions of dynamical variables such as the coordinates and velocities has been widely used [5] [6] [7] .
Furthermore, the short-time FT (ST-FT) technique has been successfully used to describe the chemical reaction [8] [9] [10] [11] . For other procedures, wavelet transform techniques have recently been developed to examine the short-time dynamics in a molecule [12, 13] . In the present paper, we have developed the power spectral analysis by using the maximum entropy method (MEM) [14] [15] [16] [17] instead of the ordinary FT technique. MEM can produce a power spectrum by using the short-time trajectory information of several vibrational periods. Furthermore, by combining MEM with the ST-FT technique, the peak positions with time can be examined in the order of fs.
For a test case, the direct ab initio method was applied to examine the decomposition of formic acid. Many experimental [18] [19] [20] [21] [22] [23] and theoretical [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] investigations have been reported on the thermal decomposition of formic acid. The two dissociation paths for formic acid are as follows:
In the previous shock tube study, it was found that the rates of these two competing paths differed substantially by around 20 -35 times; this difference in rate was attributed to the entropy difference between the reactant and the transition state [23] .
In the present paper, we show classical trajectory calculations for formic acid by using the ab initio MO method and discuss the reaction dynamics in detail by combining the ST-FT technique with MEM.
Computational Procedure
In order to discuss the chemical reactivity, trajectory calculations were performed for the target molecule (formic acid) by changing the initial conditions, i.e., the geometries and velocities of each atom. Initially, the classical trajectory calculations were performed for Zand E-formic acids, which have only the zero-point energy (21.5 kcal mol -1 and 21.2 kcal mol -1 for Z-and E-formic acid, respectively). Then, Hamilton's equation of motion was integrated with a step size of 0.5 fs by using a fourth-order symplectic integrator [37] , and the trajectory calculations were followed over a time period of 1.0 ps. A symplectic integrator is a numerical integration scheme for Hamiltonian systems that conserves the symplectic two-form dp ^ dq exactly, so that (q(0),p(0)) (q(t),p(t)) is a canonical transformation. This algorithm is accurate and has no accumulation of numerical errors for the total energy in contrast to the other common algorithms used for solving Hamilton's equation of motion [38] . From these calculations, 60 geometries were selected randomly.
The normal mode vectors of each isomer were selected for the nine independent directions.
Next, trajectory calculations were performed by adding the potential barrier and the excess energy as the kinetic energy of the molecule to one of the normal vibrational modes (ν 1 --ν 9 ); the subscript of each normal mode refers to a sorted vibrational frequency in small order. E exc is the excess energy that exceeds the barrier height for each path,
where E add is the added kinetic energy in the molecule; ΔE, the barrier height for a path;
and E ZPE , the zero-point energy. The translation and rotation in the system were carefully excluded. E exc was taken to be 5, 10, and 15 kcal mol -1 for the start geometry of both Z-and E-formic acid. Trajectory calculations were followed for a period of 1.0 ps, which was sufficient to examine the effect of the mode specific excitation. The threshold bond distance to judge that the target chemical reaction takes place was defined as R(C-O) = 3.0 Å for reaction (1) and R(C-H)=R(O-H) = 3.0 Å for reaction (2) . Moreover, the final geometries were checked for each trajectory.
By using the cartesian velocities for each atom obtained from the classical trajectory calculations, power spectral analyses were performed with the MEM [14] [15] [16] [17] . The time step of 0.5 fs was too wide to describe the sharp spectra with MEM. Fifty points were interpolated by the quadratic functions that were produced by the three nearest points.
All calculations in the present study were performed by the modified GAMESS(US) [39] using the MP2/6-31G(d,p) level of approximation.
Results and Discussions

Trajectory calculations from the equilibrium geometry
The relative energies of formic acid are summarized in Fig. 1 . The potential energy barriers of the two decomposition paths at the MP2/6-31G(d,p) level of theory were higher than the previous values at the MP4/cc-pVQZ//B3LYP/cc-pVTZ level of theory [24] .
Nevertheless, the difference in energy barriers between the two paths was comparable to the previous value; this indicated that the present computational level could be used to describe the two competing paths of formic acid decomposition. In the present study, we selected the MP2/6-31G(d,p) level for the following dynamical study.
The number of reactive trajectories per 60 runs when the equilibrium structure was considered the starting point is summarized in Table 1 . As shown in Fig. 1 , the relative energy between Z-and E-formic acid was 5.6 kcal mol -1 at the MP2/6-31G(d,p) level of theory, indicating that Z-formic acid was the main conformer at the equilibrium condition.
Therefore, it can be said that in the case of Z-formic acid, many reactive trajectories produced H 2 O and CO as the main products through path (1), and some trajectories produced H 2 and CO 2 as minor products through path (2) . The ratio of the total reactive trajectories between them was 19.5, which is comparable with the experimental value qualitatively. The experimental ratio of the rate constant of two paths k 1 /k 2 was reported as 20 -35 at T=1400 K [23] . It should be noted that our simulations were limited to a time period within 1.0 ps, and the computational product ratio with the present scheme depended on the length of the trajectory. More reactive trajectories can be obtained for both paths by longer trajectory calculations. In order to compare the rate constants quantitatively, a greater number of trajectory calculations need to be performed by changing the initial conditions and the length of the trajectory.
Further, when a specific vibrational mode ν 8 for Z-formic acid, which corresponded to the CH stretching mode, was excited, a large number of reactive trajectories were obtained.
Further for mode ν 5 , no reactive trajectories were obtained. These results suggest that the reactivity differs with the excited vibrational modes. In the case of E-formic acid, many reactive trajectories were obtained for both paths because the excess energy was higher than that of Z-formic acid. It should be noted that many reactive trajectories were given to the minor products H 2 and CO 2 when mode ν 9 , which was assigned to the OH stretching mode, was excited. In the case of formic acid, the chemical reaction can be accelerated by exciting a specific vibrational mode beyond the reaction barrier. These results suggest that the reactivity can be controled by exciting a specific vibrational mode and specifying the geometry.
Power spectral analysis by the maximum entropy method
In order to examine the chemical reaction of formic acid in detail, a power spectral analysis by MEM was performed. First, the comparisons between the power spectra obtained by FT and those obtained by MEM are shown in Fig. 2 . The nine sharp peaks corresponded to the normal modes of formic acid, and the peak positions could also be estimated by using the frequency calculations, when the second derivative matrix of the energy with respect to the nuclear position was diagonalized at the stationary point. Some peaks obtained by FT were broadened by decreasing the window functions due to a peak broadening by Heisenberg's uncertainty principle. On the other hand, those obtained by MEM maintained their sharpness even when a narrow window function of 250 fs was applied. Note that the number of sampling points for MEM was kept constant among these spectra by interpolating the data. The relative intensities for MEM varied with the window functions, indicating that sufficient periodic motions to describe the same spectra could not be obtained from such short trajectories. From a different viewpoint, MEM spectra could express the short-time behavior of the nuclear dynamics. It was confirmed that the peak position was identified by using a window function of 100 fs, which corresponds to several vibrational periods in the molecule. Further, it can be concluded that MEM is an effective procedure to specify the peak position of the power spectra by observing several periods of vibrational motions. An extra peak around 1700 cm -1 is observed in Fig. 2 . This peak position was unstable for the trajectory length considered. The origin of this peak appeared to be a part of ν 7 divided by the strong coupling with the other modes, and the peak would disappear if a longer trajectory were used or many spectra were averaged with the same trajectory length.
The time propagation of the peak position could be traced by moving the window function of the MEM spectra in a long trajectory. We called this spectrum short-time MEM (ST-MEM), and a typical example is shown in Fig. 3 . A window function of 500 fs was used in the spectrum, which was fairly large for the discussion in the previous paragraph.
The sharpness of each vibrational mode was maintained because the added kinetic energy was not much and the vibrational mode couplings were small. Moreover, the window function for ST-MEM was so large that motions along the normal modes are enhanced. The relative intensity fluctuated, indicating that wider window functions may be needed to obtain time-independent spectra. However, for a peak around 3800 cm -1 , which was assigned to the CH stretching mode, the relative intensity and peak position were maintained, suggesting that the energy transfer from this mode contributed less to the added kinetic energy.
Next, contour maps with the moving window functions are shown in Fig. 4 . Such contour maps were referred to as spectrograms: the horizontal axis is the time domain (in fs), the vertical axis is the frequency domain (in cm -1 ), and the height of the peak (the peak intensity) is expressed by a gradation from blue to red. Note that Fig. 3 and Fig. 4 (a) are produced by the same trajectory. We clearly observed that the peak positions for the window function of 500 fs were mostly constant. On the other hand, the peak positions for the window function of 100 fs, especially in the range of 1000 to 2000 cm -1 , fluctuated largely, i.e., we observed that the vibrational modes fluctuated more when narrow window functions were used by using the ST-MEM. Our MD simulations were performed on a multi-dimensional potential energy surface. Further, it was observed that vibrational modes perturbed each other in the narrow window function of 100 fs and the peak positions shifted from those of the normal modes. We observed the fluctuation of the instantaneous vibrational frequencies by using the ST-MEM.
As suggested in Table 1 , intramolecular energy vibrational redistribution is different for vibrational modes, and it is shown using the ST-MEM. Typical examples of a spectrogram after a specific mode excitation by a trajectory are shown in Fig. 5 . The shape of a spectrogram differs according to the excited mode. For Fig. 5(a) , the fact that strong peaks around 1400 cm -1 were maintained during a period of 100 fs suggests that the energy redistribution from this mode is slow. On the other hand, for Fig. 5(b) , the initial strong peaks disappeared immediately, and their intensities spread to other modes. These peak positions moved aggressively. Therefore, it was concluded that initial excited energy was diffused quickly and the memory where mode specific excitation was performed was lost within the time window of the ST-MEM.
Next, the ST-MEM for a reactive trajectory is shown in Fig. 6 . Typical examples for reaction (1) and (2) are shown in Fig. 6 (a) and (b), respectively. In Fig. 6 (a), we observe a specific variation of a vibrational mode around 2500 cm -1 at the range of 100 -500 fs, which is assigned to the CH stretching mode. It should be noted that this variation resembles that of the vibrational frequencies along the intrinsic reaction coordinate (IRC), which is shown in Fig. 2 in reference 20. Therefore, it can be concluded that this reactive trajectory corresponds to the following process: initially, this molecule vibrates around the equilibrium geometry (region A). Then, the hydrogen atom connecting the carbon moves around the IRC during several vibrations and gradually approaches the transition state, which corresponds to the uphill motion on the potential energy surface along the IRC to the transition state (region B). Finally, this molecule exceeds the transition state and produces two fragments, CO and H 2 O. Vibrational frequencies disappear around 550 and 600 fs, which corresponds to the downhill motion across the transition state to the product (region C). After 600 fs, almost constant frequencies appear; these correspond to the vibrational frequencies for two fragments, i.e., H 2 O and CO (region D). A similar situation may be explained for reaction (2) in Fig. 6(b) . We cannot observe a clear picture for the movement from the equilibrium geometry of the reactant to the transition state in this figure. A peak around 2000 cm -1 , which is assigned to a C=O stretching mode, increases slightly near the transition state; then, many frequencies disappear for a short time, which corresponds to the downhill motion. Finally, two fragments, CO 2 and H 2 , are produced. From these figures, we concluded that the movements along the IRC observed by using the classical trajectory could be described by the ST-MEM. 
Conclusions
In the present paper, we studied the unimolecular decomposition of formic acid by using the classical trajectory calculation and discussed the reactivity of the two competitive channels semi-quantitatively. We also showed the ST-MEM spectra for the trajectory information of the decomposition of formic acid. Furthermore, we suggested that the dynamics around the IRC could be resolved by analyzing the reactive trajectories. The ST-MEM is useful in elucidating the dynamics within the order of femto-seconds in the trajectory calculations for relatively large molecules. In order to understand the reaction mechanism in detail, more reactive trajectories need to be studied.
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